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Abstract:
The conventional method to prepare functional oxides is ceramicpowder-based processing typically via solid-state reaction of microcrystalline starting powders at high temperatures. Disadvantages of this approach include the high temperatures of reaction, limited degree of product chemical homogeneity and difficulties in achieving rapid sintering. Various chemicalbased processing routes have been developed to prepare powders of more homogeneous composition, improved reactivity and sintering ability at low temperatures. Regardless of the route chosen to synthesise complex oxides, almost all of them require lengthy heat treatment schedules that usually exceed 10 h, as well as multi-stage processing steps. We describe two approaches to address these problems, applied to successful synthesis of both MgAl 2 O 4 and CaCu 3 Ti 4 O 12 (CCT) oxides exhibiting excellent di-electric properties. One approach employed the novel direct synthesis technique of electric discharge assisted mechanical milling (EDAMM) and the second used the more conventional method of controlled ball milling using the magneto-mechanical method followed by heat treatment of nano-structural products. By using EDAMM, nano-crystalline precursors for transformation into high di-electric constant ceramics could be formed in as little as 0.1% of the processing time required for conventional solid-state techniques while ball milling using the magneto method also resulted in nano-structural precursors powders suitable for reaction by heat treatment to form oxide supercapacitor. Sample characterisation was carried out using XRD, TEM and SEM. Di-electric property measurements were performed using AC-LCR and by DC meters.
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Introduction
The demand for energy storage and energy production is growing with our global population increases and rapid industrialisation. The combination of a technologically advanced modern society and predictions of a future global energy crisis demands the implementation and design of new low-cost, highly efficient and multifunctional frameworks for energy storage. As a result, energy storage systems such as batteries, fuel cells and supercapacitor technologies are being adapted and optimised, particularly using high surface area nano-structured components [1] [2] [3] [4] [5] . New materials with high di-electric constants and low loss tangents are needed in the electronics industry. The conventional method to prepare di-electric oxides is ceramic-powder-based processing, i.e., through solid-state reaction at high temperatures [6, 7] . When the precursor powders are coarse grained, this process has approached several disadvantages, including the high temperatures required for reaction, long sintering times and the limited degree of 16] , have been developed to prepare precursor powders of more homogeneous composition, improved reactivity and increased sinter ability at lower temperatures. In this paper, we present application of the extremely rapid synthesis method of electric discharge assisted mechanical milling (EDAMM) for the synthesis of high purity single phase multi-element supercapacitor oxides. The oxides synthesised were formed in as little as 0.1% of the processing time required using conventional solid-state techniques. We also present application of magneto-ball milling for the formation of very reactive nano-crystalline powders that could form final products during sintering at much lower temperatures than in the case of conventional solid-state synthesis from coarse-grained precursor powders. Using EDAMM, high purity single-phase multi-element oxides can be formed in as little as 0.1% of the processing time required in conventional solid-state techniques.
The main advantage of using magneto-ball milling is formation of very reactive nano-crystalline powders that could form final products during sintering at lower temperatures than in the case of conventional solid-state synthesis.
Experimental
Starting powders of CaO 9.14%, TiO 2 52.16% and CuO 38.70% and MgO 28.27% and Al 2 O 3 71.725 wt% were combined in stoichiometric proportions to produce the compound oxides, CaCu 3 Ti 4 O 12 (CCT) and MgAl 2 O 4 , respectively, and then mechanically pre-mixed in a conventional ball mill for 1 h under a high purity argon atmosphere.
Electric discharge assisted mechanical milling (EDAMM) was performed in a modified vibrational laboratory rod mill for periods of 10 mins. The mill was designed to produce a milling mode combining a repeated impact of a curved rod end on powder particles, placed on a vibrating hemispherical container under electrical conditions of pulsed discharges (Figure 1 ). During milling, pulsed discharges are initiated at the tip of the rod and travel through the milling atmosphere and powders before terminating in the base at the centre of the hemispherical milling cell. The power supply unit is custom built specifically for discharge milling. Radio frequency impulses are generated with voltages in the kV range and currents in the mA range. During vibration, the electric circuit is broken by small gaps between the stainless steel rod and the milling chamber base. This results in the generation of pulsed electric discharges, which travel across this gap and complete the electric circuit. All milling experiments were carried out in a high purity Ar atmosphere.
It has been known that reactive nano-structured materials can be formed by ball milling [17] . In this work, we also used a ball milling device (Uni-Ball-Mill) that provides control of milling parameters such as milling energy, ball movement pattern and shearing to impact ratio [18] . Schematic representation of this type of milling device is seen in Figure 2 . This is a planetary ball mill that consists of a few hardened steel balls confined in a stainless steel cell. The ball movement during the milling process is confined to the vertical plane by cell walls and is controlled by an external magnetic field generated by FeNdB magnets. The intensity and direction of the field can be externally adjusted to allow the ball trajectories, impact energy and the shearing energy to be varied in a controlled manner. By selecting appropriate milling conditions, we are able to reduce the cold welding of soft metals, and enhance nano-crystalline particle evolution, thereby producing a large volume of the interfacial component of the nano-structure with crystal size reduced to less than 25 nm. To identify the crystalline phase and structure, X-ray diffraction (XRD) patterns were recorded on a multipurpose X-ray diffraction system with a Cu Kα radiation source at 40 kV and 30 mA. The morphology was observed using a transmission electron microscope (TEM, JEOL 2011 instrument) and scanning electron microscope (SEM; JEOL JSM-70001F instrument) with energy-dispersive X-ray spectroscopy (EDS). Di-electric properties of powder compressed into pallets were measured at ambient temperature using a TH2817B impedance analyser within frequency range of 50 Hz-100 kHz. premixed powders milled in magneto-ball milling for 120 hours under both gentle shearing mode, with magnets positioned at the bottom of the milling chamber, and under impact mode where magnets are positioned at the side of the mills and ball particle impact is significant. Milling under shear indicates less contamination than impact milling. Figure 7 shows the CCT product with nano-crystal, ~5nm size, and associated selected area electron diffraction pattern (inset) containing very fine spotty rings and extremely diffuses diffraction contrast consistent with a nano-structured product. Figure 8 shows the frequency dependence di-electric permittivity of MgAl 2 O 4 processed in EDAMM. Review of other publications [19] , di-electric constant of MgAl 2 O 4 processed in other synthesised method presents di-electric constant 7.8. But in our synthesised method we got 78. But this work MgAl 2 O 4 processed in EDAMM method goes up to 78 indicating EDAMM gives much better performance of di-electric properties than other conventional ball milling method. EDAMM can produce nanostructural product, which is responsible for di-electric properties. The measured di-electric constants of the samples prepared by EDAMM processing were found to decrease drastically at low frequencies and with increasing frequencies di-electric constant shows constant value. Figure 9 reveals same phenomena for CCT. At high frequency, di-electric constant gives a constant value. 
Results and discussion

Conclusions
On the basis of these results, one can conclude that both magneto-ball milling and electric discharge assisted mechanical milling lead to the formation of nano-structural precursor powders which transform on heating into high di-electric CCT and MgAl 2 O 4 supercapacitors. A high value of di-electric constant was measured, and the frequency dependence of the di-electric constant has been observed. Using these two methods, we believe that other spinel or perovskite structure oxides can be synthesised and processed for various applications in the electronics industry.
